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 Metal-organic frameworks (MOFs) are compounds made of a metal center coordinated 
with organic molecules. They form porous, 3-D, lattice-like structures that may store small 
molecules and can be used in analytical sensing through luminescence. Transition metal 
complexes (TMCs) can be incorporated into the MOF scaffold to create luminescent MOFs 
(LMOFs). The Zn3(bpdc)6(bpy)2 MOF, (bpdc = biphenyldicarboxylic acid, bpy = 4,4-
bipyridine), has been doped previously with [Os(CO)2Cl2(dcphen)]. The produced LMOF 
exhibited unique fluorescence response in alcohols. A metal to ligand charge transfer (MLCT) 
peak from the osmium TMC in the 550-600 nm range which is observed in the activated MOF 
and in nonpolar solvents, is not observed when the LMOF is soaked in polar solvents. 
Reproducibility tests were performed for the Zn3(bpdc)6(bpy)2 MOF and LMOF. It was found 
through these tests and by ICP-OES analysis that variability between samples in the intensity of 
the MLCT peak is caused by variability in the amount of TMC incorporated into the MOF 
scaffold. Tests in ethanol and toluene mixtures also suggest that the shutdown of the MLCT peak 
occurs because ethanol destabilizes the excited states of the TMC. The unique response in polar 
solvent was also believed to relate to pore size, and to ethanol interacting with itself within the 
pores and not the osmium complex. This hypothesis was investigated by replacing bpy in the 
MOF scaffold with linkers of varying lengths to achieve differing pore sizes: pyrazine, DABCO, 
and bipyridylethylene. Of these, only the Zn LMOF with DABCO linkers showed the same 
response in polar solvent. This supports the dependence of the response in polar solvents on pore 
size. Doping of the analogous [Co3(bpdc)3(bpy)]·4 DMF·H2O MOF with [Os(CO)2Cl2(dcphen)] 
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Luminescence is the emission of light that occurs when excited state electrons return to 
ground state. This is illustrated in the Jablonski diagram in Figure 1 below. Molecules can 
exhibit luminescence in the form of fluorescence and/or phosphorescence. Electrons are excited 
by absorption of light, reaching higher energetic levels. Within these levels, molecules relax to 
the lowest vibrational level, termed vibrational relaxation, then relax to lower electronic states, 
termed internal conversion. These forms of relaxation are both non-radiative. At the lowest 
vibrational state, the molecule drops back down to the ground state, creating fluorescence 
emission by this release of energy. Fluorescence involves electrons in the singlet state (S), and 
relaxation occurs faster compared to phosphorescence, where electrons are in the triplet state. 
Sometimes intersystem crossing occurs, during which electrons in the singlet state transition to 






Figure 1. Jablonski diagram showing absorption of light and emission as fluorescence and 
phosphorescence.2 
 
 Luminescence can be observed in a variety of chemical systems. There are naturally-
occurring luminophores, the amino acids tryptophan, tyrosine, and phenylalanine, which exhibit 
fluorescence due to the aromatic rings in their molecular structure. The ground-state π electrons 
in conjugated pi-systems are easily excited to π* orbitals. Lanthanide metals complexed with 
ligands in aqueous solution also have unique inherent fluorescence due to behavior of electrons 
in the 4f orbital. Additionally, compounds with transition metals can display metal-ligand based 
fluorescence.3 With so many compounds that can exhibit luminescence, there are a variety of 












(<10-10s - 10-1s) 
(<10-10s - 10-8s) 
Phosphorescence 
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Luminescence-based Sensing   
 Sensors and probes that are luminescence-based have great sensitivity and specificity.4  
Sensors can operate on the principle of quenching or wavelength shifts. Quenching is caused by 
contact of a fluorophore with a quencher, such as oxygen, which returns the fluorophore to the 
ground state without emitting a photon. The lifetime of the fluorophore can be used to determine 
the concentration of the quencher1 The sensing method of interest for this research project, 
however, is the shift in wavelength from excitation to emission. Emission spectra are generally 
distinct from excitation wavelengths due to the Stokes shift. The Stokes shift is the phenomenon 
in which energy of emission is less than the excitation energy, and therefore occurs at a longer 
wavelength. Energy can be lost between excitation and emission due to loss of vibrational 
energy, solvent effects, or energy transfer.1 The shift clearly separates input excitation from the 
resulting emission, and fluorescent materials are therefore of great interest in sensor design. 
 One simple application of luminescence-based sensing is in the use of sulfonic acid dyes 
in humidity sensors. Otsuki and Adachi used 1-dimethylamino-5-naphthylsulphonate (DNS) in a 
hydroxypropyl cellulose support matrix. They found that when humidity increased, there was a 
red-wavelength shift, or increase in wavelength, of the maximum wavelength emission as well as 
a decrease in emission intensity.5 Based on this, Tellis et al. created relative humidity sensors 
using dapoxyl sulfonic acid (DSA) that was incorporated into a hydrogel polymer support 
matrix. The hydrogels would swell or shrink depending on humidity, altering polarity in the 
environment around the DSA, causing a significant observable shift in emission wavelength in 
differing humidity. Lifetime of the hydrogels sensors is, however, limited to several months, as, 
the fluorophore is slowly washed out of the matrix.6 
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 As research with nanoparticles has increased in recent years, nanoparticles have been 
utilized in luminescence-based sensing. Metal nanoclusters (MNCs) have been used for 
temperature-dependent luminescence sensing of various compounds including transition metal 
ions, glucose, and cholesterol.7 Luminescent nanoparticles have also been used in oxygen 
sensing. NaYF4, a nanocrystalline solid, can be doped with lanthanides ytterbium(III) and 
erbium(III), which upconverts the nanoparticles to achieve phosphorescence. In the presence of 
increasing O2 concentration, the upconverted nanoparticles exhibits an increasingly intense 
phosphorescence peak between 500-600 nm. This system has low quantum yield, but it can be 
used as the first of a series of compounds in a system that emits visible light when excited by 
near-infrared wavelengths. Emission from the nanoparticles specifically excites a mediator dye 
which transfers the energy to an indicator dye.8 There are many lanthanide-based sensors that 
exist, and that can be adjusted for sensing of specific compounds like oxygen. However, as 
exhibited by the described upconverted nanoparticle system, these sensing compounds can be 
somewhat expensive to produce and may have low quantum yield. Another large family of 
luminescent sensors is luminescent transition metal-ligand complexes. 
Luminescent Transition Metal-ligand Complexes 
Fluorescence is most commonly exhibited in aromatic molecules, because the pi bond 
electrons are easily excited. Fluorescence can also be observed in transition metal complexes 
(TMCs). They are highly stable and usually contain a platinum metal (Ru, Os, Re, Rh, Ir, and Pt) 
at the center with diamine ligands.  These metals all have partially filled d-orbitals, and changes 
in the filling and ordering of these orbitals accounts for differing emission wavelengths.9 
Additionally, the ligands connected to the metal center generally have pi bonds, providing pi 
bonding and antibonding orbitals that offer further positions for excited electrons to occupy. 
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Excitation of TMCs often involves a metal-to-ligand charge-transfer (MLCT) state, in which a 
ligand is reduced, and the metal is oxidized.10 These complexes have long lifetimes, high 
quantum yields, and are very stable, making them very effective sensors. The longer lifetimes 
allow for easier and cheaper measurement compared to shorter-lived organic fluorescent 
compounds.9 
TMCs with Brønsted acids or bases as ligands have frequently been found to have acid-
base behavior in the excited state that is markedly different from ground state behavior. It is 
believed that for acids in an excited state, more protons are released. Polypyridyl Ru(III) 
complexes with carboxylic acid or carboxylate groups were found to be photobasic when the 
complex contained a bipyridine ligand with tert-butyl groups and photoacidic when the complex 
contained a trifluoromethylated bipyridine group. These compounds can be useful in solar cells, 
or as pH sensors.11  
Re (I), Ru (II), and Ir (III) polypyridine complexes have broad use as imaging reagents in 
biological applications.12 Ru (II) and Os (II) complexes with diamine ligands have been 
investigated as sensitive and specific oxygen detectors.4  Wagner et al. incorporated water 
soluble Os (II) complexes into hydrogel and investigated their use as luminescence based 
sensors. A significant change in emission was observed when changes in the environment around 
the complex occurred. This makes them promising for use in relative humidity or oxygen 
sensing, although the complexes can be washed out from the hydrogel matrix over time.13 
Luminescent Metal-Organic Frameworks 
Metal-organic frameworks (MOFs) are molecules that consist of metal ion centers which 
are linked by organic molecules to form a porous 3D structure. They have many applications in 
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catalysis and small molecule storage. They also have the potential to be used in sensing. There 
are several excited states that can exist within a MOF creating fluorescent response. The first is 
simple d-d transitions, excitation of electrons from filled to unfilled orbitals of the metal center, 
which occurs if the MOF is assembled around a transition metal ion. The second involves the 
linkers used in MOFs which, are commonly aromatic-containing compounds. There are ligand 
localized excited states involving π - π* electron excitation. Lastly, charge transfers can occur, 
involving transfer of electron density between the metal center and the coordinated ligands. The 
transfer can be a ligand-to-metal charge transfer (LMCT) or metal-to-ligand charge transfer 
(MLCT).  Luminescence can also be changed by the presence of guest molecules. When various 
molecules enter the pores, they may be oxidized or reduced and contribute to a more intense 
fluorescent response. However, simple MOFs are often non-selective and lose signal when they 
absorb molecules that are not redox active.14 MOF luminescence can be tuned in several 
different ways. 
One route by which MOFs have been made more luminescent is the use of lanthanide 
metal centers. In work by Yu et al., a few Ln3+-MOFs with heteroatom-rich ligands were 
designed for use as humidity sensors. These luminescent MOFs (LMOFs) were chosen for 
characteristics of narrow emission peaks, and the ability to trap electrophilic guest molecules 
within the pores. The MOFs can absorb water from the air, and once within the pores the guest 
water molecules increase the intensity of the emission peaks, especially the main peak around 
540 nm.15 MOFs can also be made luminescent by the incorporation of TMCs into the 
framework. A second route by which LMOFs can be made more luminescent is the use of 
different ligands. In this direction, the use of TMCs is of particular interest. 
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TMCs introduced during MOF synthesis act as linkers between the metal ion centers, in 
place of some of the organic linkers. The incorporation of minute quantities of TMCs into a 
MOF framework, a process called doping, to create LMOFs has been demonstrated in a few 
cases. The first to report such a method was Lin et al., using Ir(ppy)3 (ppy = 2-phenylpyridine) 
within a zinc MOF. This LMOF acted as an oxygen sensor through luminescence quenching.16 
Another TMC, Ru(bpy)3
2+ (bpy = bipyridine) was incorporated into a different zinc-based MOF 
and the system was used to study diffusion-based quenching of amines.17 In a further study, 
several Ir and Ru complexes were used to dope a zirconium-based MOF, Zr6O4(OH)4(bpdc)6 
(UiO-67, bpdc = biphenyl-4,4’-dicarboxylate). This LMOF showed oxygen-sensing by 
phosphorescence quenching.18 Some other LMOFs have been studied and characterized, such as 
UiO-67 doped with a ruthenium TMC.19 
The advantage of LMOFs compared to other methods of luminescence-based sensing is 
the direction incorporation of the fluorophore into the support matrix provided by the MOF. 
Previous research by the Kneas group, mentioned earlier, involved the use of hydrogel film as a 
support matrix for a luminescence-based sensor. The fluorophore DSA was incorporated for use 
as relative humidity sensor,6 and Os (II) complexes were incorporated and found to be useful for 
relative humidity as well as oxygen sensing.13 The issue with both of these hydrogel sensors is 
that the fluorophore can easily wash out of the gel over time as the gel repeatedly swells and 
contracts with changing humidity. In LMOFs, however, the fluorophore becomes part of the 
MOF scaffold and will cannot be separated from the matrix over time because it is directly 
bonded to the MOF scaffold. 
Ruthenium(II) complexes, as evidenced by their use in aforementioned LMOF studies, 
exhibit sensitivity to oxygen quenching. However, absorption of these complexes is limited 
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mainly to the shorter 400-500 nm wavelength region. Os (II) complexes, unlike Ru (II) 
complexes, show fairly strong absorption at longer wavelengths, towards 600-670 nm. Os (II) 
complexes do have a shorter excited lifetime, but the greater range of wavelengths for excitation 
make Os (II) complexes attractive for use in sensors.4,13 The TMC of interest for this research is 
a previously-studied osmium complex, [Os(CO)2Cl2(dcphen)], where dcphen is 4,7-dicarboxylic-
1,10-phenanthroline. The structure is shown in Figure 2 below.  
 
Figure 2. Structure of the transition-metal complex [Os(CO)2Cl2(dcphen)]. 
 
This complex has been used to successfully synthesize a LMOF using the MOF system 
Zn3(bpdc)6(bpy)2, which contains zinc metal ion centers connected by biphenyldicarboxylic acid 
and 4,4-bipyridine organic linkers. In the doping of the MOF with [Os(CO)2Cl2(dcphen)], the 
carboxylic acid groups of the dcphen bind in place of some of the bpdc linkers within the MOF 
scaffold. The components and the MOF structure are shown below in Figure 3 and Figure 4.   
 
Figure 3. Compounds used for the synthesis of Zn3(bpdc)6(bpy)2, showing the molecular 





Figure 4. Crystal structure of the (Zn3(bpdc)6(bpy)2 MOF where green spheres are zinc, black 
spheres are carbon, red spheres are oxygen, and blue spheres are nitrogen. 
 
The Zn LMOF, (Zn3(bpdc)6(bpy)2 MOF doped with [Os(CO)2Cl2(dcphen)]) can be soaked in 
varying solvents, absorbing those solvent molecules, then studied by fluorescence spectroscopy. 
In fluorescence analysis of this LMOF in different solvents, performed by Kayla Hess, the 
LMOF was found to give emission spectra for alcohols that differed significantly from the 
emission spectra of non-alcohol solvents. The emission spectra for alcohol-soaked LMOFs 
excited at 380 nm were found to give one peak, while LMOFs in nonpolar solvents produced 
spectra with two peaks. The first peak, which exists in the 400-500 nm range, is believed to be a 
ligand localized π - π* excitation from the linkers of the Zn3(bpdc)6(bpy)2 MOF and the π - π* 
transitions of the [Os(CO)2Cl2(dcphen)] complex. The second peak, in the 500-600 nm range, is 
believed to be caused by a MLCT from the [Os(CO)2Cl2(dcphen)] complex. The excitation of 
380 nm does not allow population of the excited π - π* state. When polar solvents are in the 




This project therefore aimed to investigate the cause of this phenomena and further 
characterize the doped Zn LMOF. This involved repetition of synthesis and analysis of both 
doped and undoped (Zn3(bpdc)6(bpy)2, soaked in polar and nonpolar solvents. In an effort to 
investigate the effect of MOF pore size on the fluorescent response, the (Zn3(bpdc)6(bpy)2 MOF 
was modified by substitution of various linkers to achieve smaller and larger pore sizes. The unit 
cell for the MOF was previously determined to be 8 Å in diameter. The 4,4’-bipyridine linker 
was replaced with pyrazine (pyrz), 1,4-diazabicyclo[2.2.2]octane (DABCO), or 1,2-di(4-
pyridyl)ethylene (bpe), compounds that are shorter (pyrz, DABCO) or longer (bpe) than 4,4’-
bipyridine. The structures of these linkers are shown below in Figure 5. 
   
Figure 5. Molecular structure of pyrazine (left), 1,4-diazabicyclo[2.2.2]octane (DABCO, 
middle), or 1,2-di(4-pyridyl)ethylene (right). 
 
The [Co3(bpdc)3(bpy)] ·4 DMF·H2O MOF was also investigated in an effort to understand why 
the shutdown of the MLCT was being observed in the Zn LMOF. While cobalt of course is in a 
different group than zinc, [Co3(bpdc)3(bpy)]·4 DMF·H2O has been reported
20 to be an 
isostructural variant of the zinc MOF shown in Figure 4 and provides the opportunity to maintain 
similar pore size within the MOF while varying the metal ion center. It was believed that doping 
this MOF and doing solvent studies on both the MOF and LMOF would provide insight into the 




MATERIALS AND METHODS 
Reagents and Instrumentation. The reagents used, along with their abbreviation and 
purity. are as follows: Selenium (IV) oxide (99.4%), 4,7-dimethyl-1,10-phenanthroline (98%), 
dioxane (ACS grade), ethanol (95% ACS spectrometric grade), silver nitrate, sodium hydroxide 
(NaOH) (2N), Celite, hydrochloric acid (HCl) (conc.), ammonium hexachloroosmate (99.9%), 
formic acid (97%), formaldehyde (37 wt% stabilized with 10-15% methanol), hexanes (reagent 
grade), diethyl ether (reagent grade), 2-propanol (ACS Plus), dimethylformamide (DMF) (extra 
pure), Zn(NO3)2·6 H2O, 4,4’-bipyridine (bpy) (>98.0%), biphenyldicarboxylic acid (bpdc) 
(99.0%), toluene (HPLC grade), pyrazine (pyrz) (≥99%), 1,4-diazabicyclo[2.2.2]octane 
(DABCO), 1,2-di(4-pyridyl)ethylene (bpe) (97%), solid NaOH (Pellets/Certified ACS), 
Co(NO3)2·6 H2O. 
Fluorescence measurements were taken using a Fluorolog Horiba Jobin Yvon Fluorolog-
3 Model FL3-22 spectrofluorometer. Solution measurements were taken using a 1 cm quartz 
cuvette with right angle detection. Solid-state measurements were taken using solid state sample 
holder and samples pressed between two quartz slides (25 x 25 x 1 mm) with front-facing 
detection. A UV-2401PC Shimadzu recording UV-Vis spectrophotometer was used for UV-Vis 
measurements. A Nicolet iS50 FT-IR infrared spectrometer was used to obtain IR spectra. ICP 
analysis was done using an Agilent Technologies 5110 ICP-OES. NMR spectra were obtained 
using a Varian 400 MHz NMR spectrometer. 
Synthesis of 4,7-dicarboxylate-1,10-phenanthroline. 4,7-dicarboxylic-1,10-
phenanthroline (dcphen) was synthesized based upon literature procedures.21,22 Selenium (IV) 
oxide (2.35 mmol) and 4,7-dimethyl-1,10-phenanthroline (9.95 mmol) were combined in a 250 
mL round bottom flask, along with 95:5 dioxane:water mixture (50 mL). The mixture was 
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refluxed at 110 °C for three hours, during which the color of the mixture changed from a light 
brown to dark brown. The hot solution was then filtered through a layer of Celite and the filtrate 
was placed in the refrigerator (4 °C) overnight. The filtrate was then removed via rotary 
evaporation to isolate the dark orange crystals that precipitated. Ethanol was added to the flask 
(100 mL) as well as 0.403g (2.37 mmol) silver nitrate and DI water. Then 1M NaOH was added 
(60 mL), turning the cloudy, light-orange solution a very dark brown. The mixture was stirred 
overnight at room temperature. After stirring, the solution was filtered through a layer of Celite 
and washed with 1M NaOH (50 mL). The filtrate was removed by rotary evaporation to remove 
the ethanol, leaving an ~20 mL solution in water. HCl (2M) was added dropwise to the solution 
until a pH of 4-5 was achieved. At this pH, a dark precipitate formed. This precipitate was 
filtered from solution, affording dark brown solid. The solid was left to dry under air, and IR of 
the dry solid was obtained. Mass: 0.221 g. Yield: 35%. IR ν (cm-1):  3090(w), 1699(w). IR is 
seen in Appendix 1, and an NMR spectrum is found in Appendix 2. 
Synthesis of [Os(CO)2Cl2]n Precursor to [Os(CO)2Cl2(dcphen)]. The polymer 
precursor to the desired Os complex was synthesized based on a procedure from the literature.23 
Ammonium hexachloroosmate (1.8 mmol) was added to a 100 mL round bottom flask under 
nitrogen. Formic acid (40 mL) and formaldehyde (15 mL) was added to the flask, which was 
then placed back under nitrogen. The mixture was stirred for 90 minutes to dissolve the solid, 
then the clear yellow/orange solution was heated to 100 °C and stirred at reflux for three days. 
After the first several hours, the solution turned a very dark brown, then lightened to a dark 
yellow color over the three days. The flask was then removed from heat, and solvent was 
removed using a rotary evaporator, producing a yellow/gold solid. A 60:40 hexanes:diethyl ether 
mixture (40 mL) was added to the flask to wash the solid, then poured off. Acetone (40 mL) was 
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then added to the flask, producing a white solid which was filtered from dark yellow solution. 
The filtrate was left overnight for the acetone to evaporate affording a brown solid. Mass:    
0.291 g. Yield: 51%. IR ν (cm-1):  2121(m), 2022(s), 1928(m). 
Synthesis of [Os(CO)2Cl2(dcphen)]. The compound [Os(CO)2Cl2(dcphen)] was 
synthesized based on a procedure from the literature.24 Previously synthesized dcphen (0.5 
mmol) was placed in a 100 mL round bottom flask to which deionized water (8 mL) and 2-
propanol (8 mL) was also added. To achieve dissolution of dcphen, the mixture was heated 
slightly and 2M NaOH was added dropwise. Once the complex had dissolved completely, 2M 
HCl was added dropwise to return the solution to a neutral pH. Previously synthesized 
[Os(CO)2Cl2]n (0.5 mmol) was then added to the solution. The light orange solution was heated 
to reflux at 90 °C and stirred turning darker brown after an hour. A sample spotted on a TLC 
plate was an emissive orange, indicating product formation from the non-emissive starting 
materials. The solution was refluxed for another hour, then removed from heat and placed in the 
refrigerator overnight. Solvent was removed used a rotary evaporator, producing a dark brown 
solid. Hot ethanol (25 mL) was added to the flask and the mixture was filtered. The dark brown 
filtrate was heated to boil of the majority of the solvent, then left to dry overnight, affording very 
dark brown solid. Mass: 0.070 g. Yield: 40%. IR ν (cm-1): 2124(w), 2039(w), 2013(m), 1966(m), 
1934(m), 1596(s), 1561(m).   
Solvent Tests for [Os(CO)2Cl2(dcphen)].  [Os(CO)2Cl2(dcphen)] w22as dissolved in 
both ethanol (~0.001 M) and DMF (~0.001 M). The complex was also studied dissolved in 
ethanol at differing pH. For basic samples, 2M NaOH was added dropwise until a pH of less than 




Synthesis of Zn3(bpdc)6(bpy)2 MOF. To synthesize the undoped MOF, Zn(NO3)2·6 
H2O (0.1 mmol), bpy (0.05 mmol) and bpdc (0.095 mmol) were combined in a vial with 10 mL 
of DMF. The vial was placed in an oil bath at 80-90 °C overnight. The off-white solid MOF was 
then filtered from solution. 
Solvent Tests for Zn3(bpdc)6(bpy)2 MOF.  MOF was activated overnight, heated at 
~80°C under vacuum. The activated MOF was then soaked overnight in 2-3 mL of the solvent to 
be tested, either ethanol or toluene. 
Synthesis of Zn [Os(CO)2Cl2(dcphen)] LMOFs. To synthesize the doped LMOF, 
Zn(NO3)2·6 H2O (0.1 mmol), 4,4-bipyridine (0.05 mmol), biphenyldicarboxylic acid (0.095 
mmol) and [Os(CO)2Cl2(dcphen)] (0.005 mmol) were combined in a vial with 10 mL of DMF. 
The vial was placed in an oil bath at 80-90 °C overnight. The brown solid LMOF was then 
filtered from solution. IR ν(cm-1), 2049 (w), 1980 (w), 1584 (m), 1522 (m), 1390 (s), 1177 (w), 
1005 (w), 766 (s). 
Solvent Tests for Zn [Os(CO)2Cl2(dcphen)] LMOFs. For solvent tests with DMF, the 
dry LMOF was simply used. For testing in other solvents, the LMOF was activated overnight, 
heated at ~80 °C under vacuum. The LMOF was soaked in ethanol, toluene, and in mixtures of 
1:1 and 3:1 ethanol:toluene. Tests were also done to investigate the effect of the time spent 
soaking in toluene. For this, LMOF was soaked in toluene for 1 hour and fluorescence data was 
collected, then the LMOF was soaked in toluene overnight and fluorescence data was again 
collected.  
ICP-OES Analysis of Zn [Os(CO)2Cl2(dcphen)] LMOFs. Standard osmium solutions of 0.25, 
0.5, 1.0, 2.0, and 4.0 ppm were prepared from a 100 ppm osmium standard. All standards were 
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spiked with trace-metal free HCl and diluted to 2% HCl with deionized water. These standards 
were used to create a calibration curve for the ICP. Three different LMOF samples were each 
dissolved in 2 mL of HCl, and diluted to a total volume of 100 mL. The operating conditions are 
shown below in Table 1. 
Table 1: ICP-OES Operating Conditions 
Uptake delay (s) 5 
Read time (s) 15 
RF Power (kW) 1.5 
Stabilization time (s) 15 
Viewing Mode Axial 
Viewing height (mm) 8 
Nebulizer flow (L/min) 0.70 
Plasma flow (L/min) 12.0 
Auxilliary flow (L/min) 1.00 
Make up flow (L/min) 0.00 
Analyte Wavelength (nm) 225.585 
 
Synthesis of Zn3(bpdc)6(pyrz)2, Zn3(bpdc)6(DABCO)2, and Zn3(bpdc)6(bpe)2 MOFs. 
The same synthesis as for Zn3(bpdc)6(bpy)2 MOF was used for all three. Zn(NO3)2·6 H2O (0.1 
mmol) and bpdc (0.1 mmol) were combined in a vial with 10 mL of DMF, along with 0.05 mmol 
of either pyrz, DABCO, or bpe. The reaction vials were placed in an oil bath at 80-90 °C 
overnight. The solid MOF with DABCO and with pyrz were off-white, and MOF with bpe was 
light yellow. The MOF was filtered from solution and IR was obtained. Mass: 0.051 g, 0.070 g, 
0.041 g. Yield: 28%, 37%, 20%. IR ν (cm-1): pyrz (Appendix 3): 3124(w), 2167(w), 1987(w), 
1580(m), 1522(m), 1391(s), 1005(w); DABCO (Appendix 5): 2390(w), 1659(m), 1602(m), 
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1547(m), 1496(w), 1389(s), 1255(w), 1778(w), 1092(m), 1006(w); bpe (Appendix 7): 3608(w), 
3105(w), 2342(w), 2045(w), 1977(w), 1677(w), 1588(m), 1540(m), 1378(s), 1298(m), 1181(w), 
1034(w). 
Synthesis of Zn3(bpdc)6(pyrz)2, Zn3(bpdc)6(DABCO)2, and Zn3(bpdc)6(bpe)2 
LMOFs. Each of these three doped LMOFs, were prepared in the same manner as for the 
synthesis of Zn [Os(CO)2Cl2(dcphen)] LMOFs. Zn(NO3)2·6 H2O (0.1 mmol), bpdc (0.095 
mmol) and [Os(CO)2Cl2(dcphen)] (0.005 mmol) were combined in a vial with 10 mL of DMF, 
along with 0.05 mmol of either pyrz, DABCO, or bpe. In repeated trials, 0.090 mmol of bpdc 
was used, with 0.001 mmol of [Os(CO)2Cl2(dcphen)]  to ensure doping. Each vial was placed in 
an oil bath at 80-90 °C overnight. The LMOF with pyrz was brown, LMOF with DABCO was 
light brown, and with bpe was dark brown. Mass: 0.050 g, 0.104 g, 0.043 g. Yield: 26%, 53%, 
20%. IR ν (cm-1): pyrz (Appendix 4): 3251(w), 2342(w), 2162(w), 2046(w), 2015(w), 1979(w), 
1640(w), 1585(m), 1518(m), 1371(s), 1299(m), 1244(m), 1181(w), 1121(w), 1005(w);  DABCO 
(Appendix 6): 2931(w), 2358(w), 2043(w), 1965(w), 1663(m), 1636(m), 1606(m), 1549(m), 
1496(w), 1386(s), 1255(w), 1176(w), 1092(m), 1058(w), 1006(w); bpe (Appendix 8): 3122(w), 
2341(w), 2157(w), 2045(w), 1977(w), 1637(w), 1587(w), 1527(m), 1375(m), 1298(w), 1243(w), 
1154(w), 1005(w). 
Solvent Tests for Zn3(bpdc)6(pyrz)2, Zn3(bpdc)6(DABCO)2, and 
Zn3(bpdc)6(dipyridylethylene)2 MOFs and LMOFs. For all solvent testing, the solids were 
activated by heating overnight at ~80 °C under vacuum. The MOF or LMOF was soaked 
overnight in 2-3 mL of ethanol. 
Synthesis of [Co(bpdc)(H2O)2] ·H2O, Precursor to [Co3(bpdc)3(bpy)] ·4 DMF ·H2O 
MOF. The precursor was synthesized based on literature procedure.25 Solid NaOH (10.425 
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mmol) and bpdc (5.2125 mmol) were combined in a 2:1 ratio in a beaker with 20 mL of 
deionized water. The mixture was stirred over gentle heat and an additional 10 mL of deionized 
water was added to completely dissolve the solid. After an hour, once the solid had fully 
dissolved, the light orange solution was removed from heat and left overnight for solid to 
precipitate. A small amount of pale orange solid was collected, and the remaining solvent was 
removed using rotary evaporation, affording solid Na2(bpdc). An aqueous solution of Na2(bpdc) 
was then made using 0.5 mmol of the solid and 5.5 mL of deionized water, which was heated to 
completely dissolve the solid. This solution was combined with an aqueous solution of 
Co2(NO3)2·6 H2O, which was prepared with 1 mmol solid and 10 mL deionized water. A pale 
pink/gray solid precipitated and was filtered from the solution and washed with deionized water, 
affording [Co(bpdc)(H2O)2] ·H2O. Mass: 0.242 g. Yield: 96%, IR 3057(w), 1978(w), 1608(w), 
1569(m). The synthesis was repeated with the addition of [Os(CO)2Cl2(dcphen)] (0.01 mmol) to 
the aqueous Na2(bpdc) solution (0.19 mmol, 3 mL deionized water). This solution was combined 
with an aqueous solution of Co2(NO3)2·6 H2O made from 0.4 mmol of solid and 4 mL of 
deionized water. A pale gray solid precipitated and was filtered from solution. Mass: 0.501 g. 
Yield: 27%. IR ν (cm-1): 3050(w), 1978(w), 1608(w), 1569(m), 1534(m), 1494(m), 1426(s), 
1395(s). 
Synthesis of [Co3(bpdc)3(bpy)] ·4 DMF ·H2O MOFs. The undoped MOF was 
synthesized based on a literature procedure.20 Co(NO3)2·6 H2O (0.1 mmol), bpy (0.05 mmol), 
and bpdc (0.095 mmol) were combined with 10 mL of DMF in a 15 mL Parr bomb. The Parr 
bomb was then placed in the oven at 150 °C for four days. This produced a mixture of powdery 
lavender and crystalline dark purple solid. IR 3602(w), 1592(m), 1543(m), 1368(s), 1179(w). 
The synthesis was then redone using [Co(bpdc)(H2O)2] ·H2O (0.3 mmol), which was combined 
18 
 
in a 15 mL Parr bomb with bpy (0.1 mmol) and 10 mL of DMF. The Parr bomb was placed in 
the oven at 150 °C for four days, and produced a powdery lavender solid. A vial synthesis of the 
MOF was then performed. In each of two vials, Co(NO3)2·6 H2O (0.1 mmol), bpy (0.05 mmol), 
and bpdc (0.1 mmol) were combined with 10 mL of DMF. The vials were then heated at ~145°C, 
just below boiling, for three days. One vial produced dark purple solid, while the other produced 
a mixture of dark purple crystals and a feathery light purple solid. IR ν (cm-1): 3602(w), 1664(w), 
1592(m), 1545(m), 1367(s), 1179(w). The IR spectrum is seen in Appendix 9. 
Synthesis of [Co3(bpdc)3(bpy)]·4 DMF·H2O LMOFs. The LMOF was originally 
synthesized by combining Co(NO3)2·6 H2O (0.06 mmol), bpy (0.003 mmol), bpdc (0.057 mmol), 
and [Os(CO)2Cl2(dcphen)] (0.003 mmol) with 6 mL of DMF in a 6 mL Parr bomb and heated at 
150 °C for three days. This produced a vibrant purple solid. IR 3065(w), 1591(m), 1534(m), 
1382(s), 1220(w), 1179(w). When this failed to produce a doped LMOF, LMOF synthesis was 
attempted using the [Co(bpdc)(H2O)2] ·H2O precursor. [Co(bpdc)(H2O)2] ·H2O (0.18 mmol), 
bpy (0.06 mmol) and [Os(CO)2Cl2(dcphen)] (0.003 mmol). These were again combined with 6 
mL of DMF in the Parr bomb and heated at 150 °C for three days. This produced a brown-purple 
solid IR 3603(w), 3066(w), 2047(w), 1593(m), 1545(m), 1371(s), 1179(m). This spectrum is 
seen in Appendix 10. A third synthesis was attempted using the polymer precursor 
[Co(bpdc)(H2O)2] ·H2O with [Os(CO)2Cl2(dcphen)] incorporated. This reaction produced a 
brown-purple solid. Mass: 0.067 g. Yield: 47%, IR ν (cm-1): 3603(w), 2358(w), 1593(m), 
1545(m), 1370(s), 1180(m). The IR spectrum is shown in Appendix 11. 
Solvent Tests for Co [Os(CO)2Cl2(dcphen)] MOFs and LMOFs. For all solvent 
testing, the solids were activated by heating overnight at ~80 °C under vacuum. The MOF or 
LMOF was soaked overnight in 2-3 mL of ethanol.  
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RESULTS AND DISCUSSION 
 
For the synthesized [Os(CO)2Cl2(dcphen)] complex, successful incorporation of dcphen 
was verified by the presence of carbonyl stretch peaks in the IR spectrum at approximately 2030 
cm-1 and 1960 cm-1. This was based on Kayla Hess’s characterization of the complex in previous 
work. When compared to previous data, similar IR peaks coupled with the similar fluorescence 
data, which will be discussed, confirms the successful synthesis of the complex. The presence of 
IR peaks at these wavenumbers was then used to confirm doping of MOF. The IR spectra of both 
MOF and LMOF for the three Zn3(bpdc)6(pyrz)2 MOF derivatives as well as for the 
[Co3(bpdc)3(bpy)]·4 DMF·H2O MOF is therefore included in the appendix, as referenced in the 
materials section. Comparison of the MOF to LMOF IR spectra show peaks around 2030 cm-1 
and 1960 cm-1 present in the LMOF spectra that are absent in the MOF spectra confirming 
incorporation of the osmium complex into the MOF scaffold. 
Solvent Tests for [Os(CO)2Cl2(dcphen)] Complex 
The synthesized osmium complex, [Os(CO)2Cl2(dcphen)], was dissolved in ethanol and 




Figure 6. Excitation and emission spectra of [Os(CO)2Cl2(dcphen)] ethanol. 
 
Table 2: Maximum Excitation and Emission Wavelengths of [Os(CO)2Cl2(dcphen)], with 
Emission at 585 nm and Excitation at 370 nm 
Maximum Ex/Em Wavelengths 
408/586 nm  
 
The peaks were shifted from the values 370 and 590 nm previously reported by Kayla Hess. It 
was thought that due to a change in the synthesis of dcphen compared to Kayla’s method, this 
shift might be the result of pH change. The pH of the complex dissolved in ethanol was close to 
neutral at 6.7. Additional solutions were prepared and either acidified with one drop of HCl, to 
pH 2, or made basic with two drops of 2M NaOH, reaching pH 13. Fluorescence data was 
collected for both at 585 nm for excitation and 370 nm for emission. The spectra for the basic 
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with no resemblance to the neutral sample, so it is believed that the low pH of the solution 
caused breakdown of the sample. 
 
Figure 7. Excitation and emission spectra of [Os(CO)2Cl2(dcphen)] complex in ethanol at 
basic (13) and  neutral (6.7) pH, with excitation collected at 585 nm emission, and emission 
collected at 370 nm excitation. 
 
Table 3: Maximum Emission and Excitation Wavelengths of [Os(CO)2Cl2(dcphen)] 
pH Maximum Ex/Em Wavelengths 
Basic 405/591, 453 nm  
Neutral 400/587, 445 nm 
 
There was a small shift to slightly longer wavelengths in the basic ethanol, but maximum 
wavelengths remained very similar. The maximum emission wavelength of 591 nm nearly 
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excitation wavelength of the complex in both solvents remains significantly shifted from Kayla’s 
values of 370 nm. 
 A study of the complex in ethanol using UV-vis was attempted, for comparison to 
Kayla’s data. For this, 0.5 M NaOH or 0.5 M HCl was added dropwise to samples of Os complex 
in ethanol and absorbance was measured at the emission maxima found by Kayla (450 and 590 
nm). However, absorbance values were too low to see very significant results and addition of 
HCl again appeared to break down the complex. The absorbance values are shown below in 
Table 4. 
Table 4: UV-Vis Absorbance of [Os(CO)2Cl2(dcphen)] Complex in Ethanol Adding Either      
2M HCl or 2M NaOH Dropwise 
Conditions Drops Added Absorbance at 450 nm Absorbance at 590 nm 
Acidic 
0 0.142 0.084 
1 0.259 0.030 
2 0.294 0.030 
3 0.321 0.032 
4 0.334 0.028 
Basic  
0 0.101 0.047 
1 0.122 0.029 
2 0.143 0.033 
3 0.156 0.033 
4 0.166 0.037 
5 0.181 0.042 
6 0.197 0.048 
7 0.211 0.054 




While there were some disparities between this data and previous data, it is believed that it is due 
to changes in synthesis method. The carboxylic acid groups may be protonated or bound to Na+ 
ions in varying degrees. The osmium complex was used in LMOF synthesis, and LMOF data 
showed much more similarity to past data. As will be shown later, the complex behaved the same 
as previously reported when incorporated into the Zn MOF scaffold. 
Solvent Tests for Zn3(bpdc)6(bpy)2 MOFs and [Os(CO)2Cl2(dcphen)]-Doped 
LMOFs. Some initial fluorescence tests were performed which confirmed previous finding that 
the LMOF exhibits different response in polar vs. non-polar solvents. 
 
Figure 8. Emission spectra of [Os(CO)2Cl2(dcphen)]-doped LMOF in ethanol and toluene 
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Table 5: Maximum Emission and Excitation Wavelengths of [Os(CO)2Cl2(dcphen)]-Doped 
LMOF Soaked in Ethanol and Toluene 
Solvent Maximum Em Wavelength (Ex 380 nm) 
Ethanol 478 nm 
Toluene 462, 571 nm 
 
As Figure 8 shows, two emission peaks were observed for the LMOF soaked in toluene, but only 
one was observed for the LMOF soaked in ethanol. This data is consistent with the previous 
solvent test with the LMOF, that it shows two emission peaks in nonpolar solvent but only one in 
polar solvent. Fluorescence data was then collected for the MOF and doped LMOF when 
activated, with nothing in the pores. This is shown below in Figure 9. 
 
Figure 9. Emission spectra of activated MOF and [Os(CO)2Cl2(dcphen)]-doped LMOF when 
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Table 6: Maximum Emission Wavelengths of Activated [Os(CO)2Cl2(dcphen)]-Doped LMOF 
Excitation Wavelength (nm) Maximum Em Wavelength MOF/LMOF 
400 483/455, 562 
380 470/446, 555 
 
As the figure above shows, the emission of the LMOF at 380 nm, as well as at 400 nm, shows 
two peaks. Comparison to the MOF spectra also confirms successful doping of the LMOF and 
that incorporation of the TMC significantly changes fluorescence response. The emission of 
undoped MOF in polar vs. nonpolar solvents was also investigated, shown below in Figure 10. 
 
Figure 10. Emission spectra of doped and undoped Zn MOFs in ethanol and toluene, excited 
at 380 nm. 
 
 






' • V1 ,, \ C ,  \ \ 
QJ ' --LMOF in Ethanol ..,., ,  \ C ,  \ 0.6 \ \ -0 ,, 
' \ --- LMOF in To luene QJ ,, N ' \ ro ,  \ ' ---- MOF in Ethanol E ,, \ \ 
'--
,, 
\ ' 0 ,, \ ' ---- MOF in To luene z 0.4 ,, ' \ ,, \ \ :• ' \ \ \ \ \ 
' ' ' ' 0.2 ' ' ' .. ' .. , .. , ', 
.... ,,,""' 
'--.', .. _ .. 
0 




Table 7: Maximum Emission Wavelengths of Doped and Undoped MOF in Ethanol and 
Toluene 
Sample Maximum Em Wavelength (Ex 380 nm) 
Ethanol Undoped MOF 478 nm 
Ethanol Doped LMOF 478 nm 
Toluene Undoped MOF 469 nm 
Toluene Doped LMOF 462, 571 nm 
 
The LMOF in toluene again showed two peaks compared to one from the MOF. The LMOF in 
ethanol showed the single peak which, although it is much narrower, has the same maximum as 
the MOF in ethanol, and completely lacks a peak for MLCT at a longer wavelength. It was 
unclear whether this occurred because ethanol was present, or because toluene was absent. This 
was explored by solvent testing with solvent mixtures. 
 LMOF was soaked in varying mixtures of ethanol and toluene to investigate the effect on 
fluorescent emission. A 50:50 solution produced an emission spectrum very similar to toluene, 




Figure 11. Excitation (emitted at 540 nm) and emission (excited at 380 nm) spectra of 
[Os(CO)2Cl2(dcphen)]-doped Zn LMOF in both 50:50 and 75:25 ethanol to toluene. 
 
Table 8: Maximum Excitation and Emission Wavelengths of LMOF in Ethanol:Toluene 
Mixtures 




NMR of LMOF soaked in the 50:50 mixture confirmed that the solvent was taken up into the 
pores in the same ratio, and one of the solvents was not outcompeting the other (Appendix 12). 
As the figure shows, the emission spectra retained more ‘non-polar’ character even when there 
was less toluene compared to ethanol. Therefore it seems that MLCT is only shut down in 
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excited state, and in absence of such a solvent the MLCT excited state is destabilized and too 
high in energy to be populated. 
Reproducibility Tests for [Os(CO)2Cl2(dcphen)] LMOFs. A variety of tests were 
carried out to ensure that previous results could be replicated and were not influenced by 
differing factors such as the time spent soaking in tested solvents, or the way the sample holder 
was filled and positioned. 
The first test was to simply compare LMOFs that were synthesized simultaneously but 
within separate vials. It had been observed that between different fluorescence measurements, 
the two peaks that appeared at 380 nm for LMOF in nonpolar solvents would switch in intensity. 
For some, the lower wavelength was more intense, or vice versa. A comparison of three LMOF 
samples is shown below in Figure 12. 
 
Figure 12. Emission spectra of [Os(CO)2Cl2(dcphen)]-doped Zn LMOF in toluene excited at 














Table 9: Maximum Emission Wavelengths of LMOF in Toluene, Excited at 380 nm 
Sample Maximum Em Wavelength (Ex 380 nm) 
1 455, 560 nm 
2 
439, 566 nm 
440, 563 nm 
3 
458, 565 nm 
461, 564 nm 
 
As the emission spectra show, there was disparity even amongst three samples prepared the same 
way at the same time. It is believed that this is due to differences in the amount of TMC that 
actually is incorporated into the MOF scaffold, which was investigated by ICP-OES and is 
discussed later in this paper. Greater incorporation of TMC simply causes the MLCT to be more 
intense, so the changing of peak intensity does not significantly impact results.  
It was also observed that the amount of sample placed in the sample holder while taking 





Figure 13. Emission spectra of [Os(CO)2Cl2(dcphen)]-doped Zn LMOF excited at 380 nm 
when the sample holder was either full, or sample was removed leaving it partly full. 
 
Table 10: Maximum Emission Wavelengths of Zn LMOF 
 Maximum Em Wavelengths (nm) 
Full sample 458, 565 
Sample removed 439, 566 
 
Figure 13 represents a single sample that was tested. Once this phenomenon was observed, it was 
tested more thoroughly using two different samples and filling the sample holder full, half-full, 
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Figure 14. Emission spectra of [Os(CO)2Cl2(dcphen)]-doped Zn LMOF in toluene excited at 
380 nm when the sample holder is full, half full, and a quarter full of the LMOF sample. 
 
Table 11: Maximum Emission Wavelengths of Zn LMOF Excited at 380 nm, at Different 
Sample Holder Fullness 





452, 559 nm 
453, 559 nm 
Quarter 
452, 559 nm 
452, 558 nm 
 
As Figures 13 and 14 show, the LMOF peak at a lower wavelength is more intense compared to 
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in peak intensity are not significant, and are due to small differences such as the amount of 
sample being tested.  
 There was also study of the time required to soak LMOFs to ensure uptake of solvent. In 
older work, LMOF was left to soak overnight, but this was a larger time requirement. LMOF was 
therefore soaked in solvent for about an hour and fluorescence measurements were taken, then 
the LMOF was placed back in to soak overnight. These results are shown below in Figure 15. 
 
Figure 15. Emission spectra of [Os(CO)2Cl2(dcphen)]-doped Zn LMOF in toluene excited at 
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Table 12: Maximum Emission Wavelengths of Zn LMOF in Soaked in Toluene for 1 and 18 
Hours, Excited at 380 nm 
Time Soaked Maximum Em Wavelength (Ex 380 nm) 
1 hour 450, 562 nm 
18 hours 450, 563 nm 
 
The spectra show that there was very little difference between soaking times, with slight increase 
of the LMOF peak intensity compared to that of the other peak. It was therefore determined that 
an hour is sufficient time for LMOF to uptake solvent and soaking overnight is not necessary. 
 Scattering effects within the fluorimeter were also considered. The sample was angled 
away from the light source at varying intervals, and this shown below in Figure 16. 
 
Figure 16. Emission spectra of [Os(CO)2Cl2(dcphen)]-doped Zn LMOF in toluene excited at 
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Table 13: Maximum Emission Wavelengths of Zn LMOF with the Sample Turned at Varying 
Angles 
Sample Angle Maximum Em Wavelength (Ex 380 nm) 
1 
15° 451, 558 nm 
30° 443, 555 nm 
45° 430 nm 
2 
15° 443, 563 nm 
30° 443, 559 nm 
45° 431 nm 
60° 421 nm 
 
Figure 16 shows that spectra were not significantly affected by the angle until it was turned 45° 
or more from the source, and so scattering in sample measurements is minimal. 
ICP-OES. As mentioned, ICP-OES analysis was used to understand how doping of the 
MOF with the osmium complex differs from sample to sample. Three samples were tested and 
had significantly different osmium contents ranging from 0.26 ppm to 1.31 ppm. This shows that 
depending on reaction conditions, there is disparity in the amount of TMC that is actually 
incorporated into the MOF structure. This, as mentioned before, explains the disparity in peak 
intensities among different samples of the same compound. The intensity of the MLCT peak is 
more intense if more of the osmium complex is incorporated into the MOF. 
Solvent Tests for Zn3(bpdc)6(pyrz)2, Zn3(bpdc)6(DABCO)2, and Zn3(bpdc)6(bpe)2 
MOFs and LMOFs. After confirming polarity-sensitivity of the LMOF, it was hypothesized 
that the peak in emission spectra at a longer wavelength represented a MLCT. This transfer is 
then believed to be shut down in ethanol as the ethanol self-interacts rather than interacting with 
the LMOF scaffold. This interaction could be influenced by pore size. To investigate this, pore 
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size within the MOF system was manipulated by replacing bpy linker with linkers of various 
size. The three bpy linker substitutes pyrz, DABCO, and bpe were used to synthesize both MOF 
and LMOF. Fluorescence data was collected for both when activated and when soaked in 
ethanol. 
The emission spectra for the MOF and LMOF with pyrazine linkers is shown activated in 
Figure 17 and in ethanol in Figure 18. 
 
Figure 17. Emission spectra of activated Zn3(bpdc)6(pyrz)2 MOF and [Os(CO)2Cl2(dcphen)]-
doped LMOF. 
 
Table 14: Maximum Emission Wavelengths of Activated Zn3(bpdc)6(pyrz)2 MOF and LMOF 
Ex Wavelength MOF/LMOF Em Wavelength 
400 nm 475/566 
 380 nm 460/452,563 



















340 410 480 550 
Wavelength (nm) 
620 690 
••••••••• Em (ex 400) MOF 
••••••••• Em (ex 380) MOF 
••••••••• Em (ex 330) MOF 
-- Em (ex 400) LMOF 
-- Em (ex 380) LMOF 




Figure 18. Emission spectra of Zn3(bpdc)6(pyrz)2 MOF and [Os(CO)2Cl2(dcphen)]-doped 
LMOF soaked in ethanol. 
 
Table 15: Maximum Emission Wavelengths of Zn3(bpdc)6(pyrz)2 MOF and LMOF in Ethanol 
Ex Wavelength MOF/LMOF Em Wavelength 
400 nm 469/565,462 
 380 nm 455/452,563 
330 nm 398/398 
 
As shown in Figure 18, the LMOF exhibits a clear MLCT peak. However, this peak is also 
present in the emission spectrum for the LMOF in ethanol. The LMOF when activated and when 
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Figure 19. Emission spectra of activated Zn3(bpdc)6(pyrz)2 LMOF compared to LMOF soaked 
in ethanol. 
 
Table 16: Maximum Emission Wavelengths of Activated Zn3(bpdc)6(pyrz)2 LMOF and LMOF 
in Ethanol 
Ex Wavelength Activated/EtOH Em Wavelength 
400 nm 566/565.462 
 380 nm 452,563/452,563 
330 nm 396/398 
 
Figure 19 clearly shows that the LMOF emission spectra are highly similar, with no apparent 
sensitivity to polar solvent. 
The emission spectra for the MOF and LMOF with DABCO linkers is shown activated in 
Figure 20 and in ethanol in Figure 21. 
1 
0.8 
----- Em {ex 400) activated 
----- Em {ex 380) activated 
> 
+-' ----- Em {ex 330) activated "vi 
C: 0.6 
"' +-' -- Em {ex 400) EtOH E 
""Cl 
"' -- Em {ex 380) EtOH -~ 
ro 










Figure 20. Emission spectra of activated Zn3(bpdc)6(DABCO)2 MOF and 
[Os(CO)2Cl2(dcphen)]-doped LMOF. 
 
Table 17: Maximum Emission Wavelengths of Activated Zn3(bpdc)6(DABCO)2 MOF and 
LMOF 
Ex Wavelength MOF/LMOF Em Wavelength 
400 nm 472/458 
 380 nm 458/444 
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Figure 21. Emission spectra of Zn3(bpdc)6(DABCO)2 MOF and [Os(CO)2Cl2(dcphen)]-doped 
LMOF soaked in ethanol. 
 
Table 18: Maximum Emission Wavelengths of Zn3(bpdc)6(DABCO)2 MOF and LMOF in 
Ethanol 
Ex Wavelength MOF/LMOF Em Wavelength 
400 nm 481/478 
 380 nm 473/475 
330 nm 463/396 
 
While there is no true peak at the longer wavelength for the activated DABCO LMOF, there is a 
clear shoulder. It may be that the MLCT is less intense compared to the MOF emission peak. 
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Figure 22. Emission spectra of activated Zn3(bpdc)6(DABCO)2 LMOF compared to LMOF 
soaked in ethanol. 
 
Table 19: Maximum Emission Wavelengths of Activated Zn3(bpdc)6(DABCO)2 LMOF and 
LMOF in Ethanol 
Ex Wavelength Activated/EtOH Em Wavelength 
400 nm 458/478 
 380 nm 444/475 
330 nm 395/396 
 
When the LMOF spectra are compared, shown in Figure 22, it can clearly be seen that the 
shoulder from the activated spectra disappears when the LMOF uptakes ethanol. 
The emission spectra for the MOF and LMOF with bipyridylethylene linker is shown 
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Figure 23. Emission spectra of activated Zn3(bpdc)6(bpe)2 MOF and [Os(CO)2Cl2(dcphen)]-
doped LMOF. 
 
Table 20: Maximum Emission Wavelengths of Activated Zn3(bpdc)6(bpe)2 MOF and LMOF 
Ex Wavelength MOF/LMOF Em Wavelength 
400 nm 471/579 
 380 nm 461/458,561 
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Figure 24. Emission spectra of Zn3(bpdc)6(bpe)2 MOF and [Os(CO)2Cl2(dcphen)]-doped 
LMOF soaked in ethanol. 
 
Table 21: Maximum Emission Wavelengths of Zn3(bpdc)6(bpe)2 MOF and LMOF in Ethanol 
Ex Wavelength MOF/LMOF Em Wavelength 
400 nm 474/565 
 380 nm 463/457 
330 nm 440/436 
 
For the emission spectrum at 380 nm, there are two clear peaks. For the LMOF in ethanol, there 
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Figure 25. Emission spectra of activated Zn3(bpdc)6(bpe)2 LMOF compared to LMOF soaked 
in ethanol. 
 
Table 22: Maximum Emission Wavelengths of Activated Zn3(bpdc)6(bpe)2 LMOF and LMOF in 
Ethanol 
Ex Wavelength EtOH/activated Em Wavelength 
400 nm 579/565 
 380 nm 458,561/457 
330 nm 432/436 
 
While the MLCT peak does not disappear in ethanol, it clearly diminishes. 
 The LMOF with DABCO replacing bpy showed the most similarity to the bpy LMOF, 
with two peaks, one at a longer wavelength representing a MLCT. It was reasoned based on 
previous results that shutdown of the MLCT with polar solvents was caused by ethanol self-
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ethanol can enter, perhaps only one molecule. This would prevent ethanol self-interaction and 
thereby prevent shutdown of MLCT. This is supported by the data for the pyrz LMOF, shown in 
Figure 19. However, it would then be expected that a larger pore size, like that of the bpe MOF, 
would allow more ethanol in the pre and completely shut down the MLCT. The second peak did 
diminish in ethanol, as shown in Figure 25, but it did not disappear completely the way it did in 
DABCO. To better understand this, further solvent-testing is required to determine the effect of 
non-polar solvent on emission. 
Solvent Tests for [Co3(bpdc)3(bpy)] ·4 DMF ·H2O MOFs and LMOFs. These tests 
represent another effort to understand the response of the Zn MOF system under study by 
changing the metal center that the MOF scaffold assembles around. The [Co3(bpdc)3(bpy)]  MOF 
system was synthesized using cobalt as the metal center rather than zinc, and doping of the MOF 
with [Os(CO)2Cl2(dcphen)] was attempted. Several different synthetic routes were tried. 
The first attempt to incorporate the Os complex involved simply mixing all the starting 




Figure 26. Emission spectra of the activated [Co3(bpdc)3(bpy)]·4 DMF·H2O MOF and 
[Os(CO)2Cl2(dcphen)]-doped LMOF in ethanol. 
 
Table 23: Maximum Emission Wavelengths of Activated [Co3(bpdc)3(bpy)]·4 DMF·H2O MOF 
and Presumed LMOF 
Ex Wavelength MOF/LMOF Em Wavelength 
 380 nm 436/440 
330 nm 408/419 
 
IR comparison of the MOF and LMOF showed that the LMOF had some peaks near 2000 cm-1 
that appeared to indicate presence of dcphen and therefore successful doping. However, as can 
be seen in Figure 26, the MOF and LMOF are nearly identical and doping therefore appeared 
unsuccessful. Synthesis of doped LMOF was attempted again with better initial mixing of 
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Figure 27. Emission spectra of activated [Co3(bpdc)3(bpy)]·4 DMF·H2O MOF and 
[Os(CO)2Cl2(dcphen)]-doped LMOF. 
 
Table 24: Maximum Emission Wavelengths of Activated [Co3(bpdc)3(bpy)]·4 DMF·H2O MOF 
and Presumed LMOF 
Ex Wavelength MOF/LMOF Em Wavelength 
400 nm 447/454 
 380 nm 436/438 
330 nm 408/419 
 
The emission spectra of the LMOF was again nearly identical to the undoped MOF spectra. This 
led to the attempt of a modified synthesis with TMC incorporated into the polymer precursor of 
the MOF. IR showed a peak at 2047 for the LMOF that was not present in the LMOF spectra, 
which seemed to come from the carbonyls on the complex and indicate successful doping. 
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Figure 28. Emission spectra of activated [Co3(bpdc)3(bpy)]·4 DMF·H2O MOF and 
[Os(CO)2Cl2(dcphen)]-doped LMOF compared to MOF and LMOF soaked in Ethanol. 
 
Table 25: Maximum Emission Wavelengths of Activated [Co3(bpdc)3(bpy)]·4 DMF·H2O MOF 
and Presumed LMOF Compared to MOF and Presumed LMOF in Ethanol 
 Ex Wavelength Activated/EtOH Em Wavelength 
MOF 
 380 nm 436/436 
330 nm 408/421 
LMOF 
 380 nm 432/438 
330 nm 406/401 
 
As Figure 28 shows, the emission spectra are nearly identical. There only noticeable difference is 
a slight shoulder that is not present for the activated LMOF. The similarity indicates that doping 
was unsuccessful. It may be that assembly of the MOF scaffold occurs too quickly for much 
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 Doping of the Zn3(bpdc)6(bpy)2 MOF system with [Os(CO)2Cl2(dcphen)] was found to 
be reproducible, and the system was further characterized by studying the effect of sample holder 
filling and angle on the collected fluorescence data. ICP-OES data also determined the range of 
dopant that may be incorporated into the MOF scaffold. The LMOF consistently exhibited 
unique emission response to ethanol, and the MLCT was shown to disappear whenever the 
LMOF had solvent in the pores. The complex [Os(CO)2Cl2(dcphen)] was further characterized 
by investigating pH effects, and it was found that pH differences affected intensity of emission 
peaks, but did not cause the peaks to shift significantly. 
 The effect of pore size on sensitivity to solvent polarity was investigated using similar 
MOF systems with slightly different pore sizes. Data suggests that the MLCT is not shut down 
when the pore size is greatly decreased, as evidenced by response of the Zn3(bpdc)6(pyrz)2 
LMOF. The Zn3(bpdc)6(DABCO)2 LMOF did exhibit sensitivity to polar solvent, which may 
occur because the pore size is only slightly smaller than the Zn3(bpdc)6(bpy)2 LMOF. The 
Zn3(bpdc)6(bpe)2 LMOF however, showed no definitive shutdown of the MLCT, but a decrease 
in peak intensity was observed. This research provides evidence for a link between pore size and 
fluorescent response that is worth future investigation. This would include solvent testing with 
non-polar solvents for comparison. When ethanol is present in the pores, the interaction between 
the ethanol molecules appears to outweigh solvation of the osmium complex, as they instead 
hydrogen bond. This destabilizes the excited states and make them too high in energy to be 
populated, eliminating the MLCT. This is supported by the fact that in a 75:25 ethanol:toluene 
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mixture, the small amount of toluene present was enough to stabilize the complex, and a MLCT 
peak was observed.   
 The [Co3(bpdc)3(bpy)]·4 DMF·H2O MOF system was studied in an effort to understand 
whether the unique response of the Zn MOF to polar solvents could be replicated in a system 
with a different metal ion center. Despite several synthesis attempts, it is believed based on IR 
and fluorescence data that doping of the MOF with [Os(CO)2Cl2(dcphen)] was unsuccessful. 
Even if there was some complex incorporated, no sensitivity to polar solvent was observed. It is 
likely that excitation of the MOF containing cobalt, with an unfilled d-orbital, will simply not 
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